We have used the Submillimeter Wave Astronomy Satellite (SWAS) to carry out deep integrations on the transition of O 2 in a variety of Galactic molecular clouds. We here report no convincing detection N p 3 r 1 
3.6 in five additional clouds. Our lowest individual limit corresponds to N(O 2 )/N(H 2 (3 j). A
Ϫ7
) ! 2.6 # 10 combination of data from nine sources yields AN(O 2 )/N(H 2 ) ( 3j) . These low limits,
S p [0.33 ‫ע‬ 1.6 ] # 10 characterizing a variety of clouds in different environments at different Galactocentric radii, indicate that O 2 is not a major constituent of molecular clouds and is not an important coolant. The abundance of O 2 is significantly lower than predicted by steady state single-component chemical models. The present results are best understood in the context of cloud chemical and dynamical models that include the interaction of gas-phase molecules and grain surfaces and/or circulation of material between well-shielded and essentially unshielded regions. This circulation may be powered by turbulence or other driving forces that effectively keep molecular clouds chemically unevolved. Subject headings: ISM: clouds -ISM: molecules 1. INTRODUCTION Molecular oxygen (O 2 ) is one of the few simple molecules composed of abundant elements that has not been detected in the interstellar medium. Models of kinetic chemistry (Graedel, Langer, & Frerking 1982; Bergin, Langer, & Goldsmith 1995) predict that in reasonably dense clouds, the abundance of O 2 becomes comparable to that of CO at times yr after 5 t ≥ 3 # 10 initiation of molecular chemistry by exclusion of UV radiation. Under these conditions, O 2 can be a significant gas coolant (Goldsmith & Langer 1978) . There have been a number of searches for this important "missing" species. The Earth's atmosphere renders direct observation of unredshifted transitions of the common isotope O 2 impossible from the ground, so observers have 16 focused on the less abundant O O for which the atmospheric 16 18 opacity is modest (Goldsmith et al. 1985; Liszt & vanden Bout 1985; Pagani, Langer, & Castets 1993; Maréchal et al. 1997a) , have relied on the redshift of extragalactic sources to move lines away from terrestrial absorption (Liszt 1985 (Liszt , 1992 Goldsmith & Young 1989; Combes, Wiklind, & Nakai 1997; Frayer et al. 1998) , or have employed a balloon to observe from altitudes where the atmospheric absorption is moderate (Olofsson et al. 1998) . None of these efforts has resulted in a convincing detection of molecular oxygen in the interstellar medium of the Milky Way or of other galaxies, with the most sensitive Galactic limit being N(O 2 )/N(CO (3 j), while a lower limit to this ratio ) ≤ 0.04 of 0.006 (3 j) has been obtained in one external galaxy. The initial concept for the Submillimeter Wave Astronomy Satellite (SWAS) mission included coverage of one of the rotational transitions of O 2 , and this Letter is the first report of our results.
O 2 EXCITATION AND DETERMINATION OF COLUMN DENSITIES
Molecular oxygen has a electronic ground state. The ro-3 S tational levels of O 2 are defined by the rotational quantum number N, which can take on only odd values as a result of the homonuclear nature of the molecule. The interaction of the total electronic spin with the molecular rotation splits S p 1 each rotational level into a triplet of levels defined by the total angular momentum quantum number, , (e.g., Ma-J p N N ‫ע‬ 1 réchal, Viala, & Benayoun 1997b) . Figure 1 shows the nine lowest rotational energy levels of O 2 . The tran-N p 3 r 1 J 3 2 sition in the SWAS bandpass has a frequency of 487.2494 GHz, an upper level 26.4 K above the ground state, and a spontaneous decay rate of s Ϫ1 .
Ϫ9
8.5 # 10 The low inherent strength of the O 2 magnetic dipole transitions makes them likely to be optically thin. We can ignore effects of both the cosmic background radiation and the source continuum emission in the SWAS beam. The integrated intensity observed is then proportional to the column density in the upper level of the transition, and the total O 2 column density (per square centimeter) of a uniform source filling the main lobe of the antenna beam can be written (e.g., Goldsmith & Langer 1999) 5 2 8p # 10 kn In this expression, A is the spontaneous decay rate, CF is the correction factor relating the total O 2 column density to that in the upper level of the transition observed, and T mb is the antenna temperature corrected for the main-beam efficiency. To evaluate CF, we have carried out statistical equilibrium cal- to the level of C O.
18
J p 1 culations including the 13 lowest rotational states. Rate coefficients for collisions with H 2 were taken from Valkenberg (1995) . This work follows largely the same lines as that described by Bergman (1995) . Where comparisons are possible, its results are quite similar to those of Bergman (1995) and Black & Smith (1984) . We find the population inversions for some transitions predicted by Bergman (1995) but DN p 0 considerably weaker and occurring only under conditions very far removed from those implied by our data. Valkenberg's calculations yield a de-excitation rate coefficient at 40 K for the transition of cm 3 s Ϫ1 , which gives a critical Ϫ11 3 r 1 1.2 # 10 3 2 density cm
Ϫ3
. The value of CF is relatively in-2 n Ӎ 7 # 10 c dependent of the kinetic temperature as long as the gas is warm enough ( K) to allow significant population of the
the O 2 levels will be essentially thermalized and CF is independent of density, making the details of the collisional processes unimportant. The analysis of the present SWAS O 2 data is based on comparison with emission from the transition of C O,
18
J p 1 r 0 which is optically thin and whose fractional abundance is reasonably well determined. We carried out statistical equilibrium calculations using collision rate coefficients of Flower & Launay (1985) . We used their results for para-H 2 as a collision partner; the results for ortho-H 2 differ by a factor of typically ≤1.5 for the larger collisional rate coefficients, similar to differences between these calculations and those of Schinke et al. (1985) J p 1 r 0 observed with the SWAS FWHM beam. From equa-3Ј .6 # 5Ј .0 tion (1) we obtain for R N , the ratio of the column densities,
where R CF is the ratio of the correction factors,
CF 18
CF(C O)
and R T is the ratio of the main-beam temperatures integrated over velocity. The term in brackets is equal to 155.5. We show R CF as a function of temperature and density in Figure 2 . For the conditions expected in giant molecular cloud cores, n ≥ H 2 cm Ϫ3 (Bergin, Snell, & Goldsmith 1996) and 4.5 10 25 K ≤ K (Bergin et al. 1994) , R CF is confined to a relatively T ≤ 40 k narrow range between 1.3 and 2.2. Thus, using beam-averaged values of the density and the kinetic temperature should not produce a significant uncertainty in the determination of the relative column density of the two species.
9 For cooler dark clouds without heating from massive star formation, a larger R CF applies.
DATA AND ANALYSIS
The SWAS data were obtained from nodded observations, with on-source integration times between 800 and 3700 minutes. In 9 As a test, we convolved the maps of Orion, M17, and Cepheus A in the two or three lowest transitions of C
18
O from Goldsmith et al. (1997) to produce synthetic SWAS beam-sized spectra and from these derived the C O column 18 density. We find that using the lowest transition alone overestimates the column density by only 10%-30%, compared to that obtained using the two or three lowest C 18 O transitions together. This provides confidence that using only the lowest C
O transition is not a source of significant error. by Gaussians, and we give the peak temperature T 0 . In this case, the weighted rms uncertainty of the ratio of integrated intensities is given by channels. 10 The limits on R T have also been increased by a factor of 1.5 as a result of the nonindependence of adjacent acousto-optical spectrometer channels used in the SWAS spectrometer. There is no statistically significant detection of an O 2 spectral line.
11
To evaluate the relative correction factor, we have taken temperatures and densities from the literature, generally from multitransition observations of molecules including CS, H 2 CO, and HC 3 N, or else adopted plausible values based on general characteristics of the clouds. As noted above, the value of R CF is not highly sensitive to density and only moderately sensitive to temperature, so we do not feel that the values of this quantity in Table 1 are significantly uncertain. 
is given by . This technique gives essentially the 2 18 0.5
same results as given by eq. (4) as a result of the highly Gaussian character of both the noise in the SWAS data and of the C O line profiles.
18
11 The results reported here assume that SWAS receiver 1 used for these measurements is operating with a sideband gain ratio of unity, which is justified by measurements performed on the ground and on-orbit, as discussed by Melnick et al. (2000) .
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closer to the Galactic center than the Sun (W51, M17SW, and W33), the limits N(O 2 )/N(C O then imply some-18 ) ≤ 2.1-3.2 what higher limits, , and for
Sgr B2, . If we take the seven sources
with the lowest limits on R N within a few kiloparsecs of the Sun, compute the weighted ratio and uncertainty for each according to the method described in footnote 10, multiply each by appropriate relative correction factor R CF , and combine the results weighting them by the inverse of the square of the respective uncertainties, we obtain (3 j). AR S p 0.28 ‫ע‬ 0.90 N For this group of sources, assuming an average value , we obtain 18 Ϫ7
. If we consider the nine sources
Ϫ7
[0.56 ‫ע‬ 1.8 (3 j)] # 10 with the lowest limits and include also in the weighting the variation of the oxygen isotope ratio together with the local value of N(C O)/N(H 2 ) as described above, we obtain 18 N(O 2 )/N(H 2 . We consider these
) p [0.33 ‫ע‬ 1.6 (3 j)] # 10 results to be upper limits.
Comparison of these limits with chemical models in detail is a complex undertaking and is deferred to a separate paper (Bergin et al. 2000) . It is clear, however, that "standard" models and conditions that best predict the run of abundances of molecular species observed in molecular clouds are not consistent with the observed fractional abundance
times 10
. There is general agreement that reproducing few observed molecular abundances (in particular HCO ϩ ) requires low metal abundances (e.g., Graedel et al. 1982) . Under these conditions, the steady state fractional abundance of O 2 is typically in the range in models without grain surface
Ϫ6
(5-10) # 10 effects.
The gas-phase fractional abundance of O 2 can be substantially reduced if the gas-phase C/O ratio is increased to near unity by preferential depletion of oxygen onto grains in the form of H 2 O or other species (e.g., Hasegawa & Herbst 1993) . The details and importance of grain surface depletion, reaction, and desorption processes are uncertain, but this mechanism could well account for the low gas-phase abundance of O 2 in quiescent clouds. The observational results of Vandenbussche et al. (1999) indicate that molecular oxygen on grain surfaces does not constitute a large fraction of the total available oxygen. Models of gas-phase kinetic chemistry (e.g., Graedel et al. 1982; Bergin et al. 1995; Lee, Bettens, & Herbst 1996; Millar, Farquhar, & Willacy 1997) require approximately yr 5 3 # 10 for X(O 2 ) to build up to 10 Ϫ6 in relatively well-shielded regions with density between 10 3 and 10 5 cm Ϫ3 . In this sense, our low upper limits on the abundance of molecular oxygen are consistent with the interiors of giant molecular clouds being "chemically young," meaning that the bulk of the material in them has characteristically spent on the order of a few times 10 5 yr since being in a low-extinction environment.
The high-ionization phase (HIP) of chemical models recognizing the bistable nature of solutions of chemical networks (see, e.g., Le Bourlot et al. 1993; Le Bourlot, Pineau des Forêts, & Roueff 1995; Lee et al. 1998) (Goldsmith, Bergin, 4 (3-5) # 10 & Lis 1997), are on the high end of where it is possible for the HIP to exist given likely elemental depletions and cosmicray ionization rates. This is certainly the case for the denser, cm Ϫ3 , regions within giant molecular cloud cores, 6 n Ӎ 10 H 2 which dominate the mass within these regions (see, e.g., Snell et al. 1984; Bergin et al. 1996) . Thus, although present SWAS upper limits to the molecular oxygen abundance do lie at the low end of those that can be obtained from the HIP phase, this model does not appear satisfactory in the broader context of what is known about the central regions of giant molecular clouds.
In very inhomogeneous (clumpy), active giant molecular cloud cores, this apparent youthfulness can be produced over longer periods of time by turbulent mixing, or cycling, along the lines studied by Charnley et al. (1988) , Chièze & Pineau des Forêts (1989) , and Chièze, Pineau des Forêts, & Herbst (1991). Chièze & Pineau des Forêts (1989) show that the abundance of O 2 can be reduced by 2-3 orders of magnitude relative to steady state values if material is circulated between moderately/highly shielded and essentially unshielded regions on a timescale ≤10 6 yr. A related process is chemical diffusion driven by concentration gradients produced by edge-to-center differences. Xie, Allen, & Langer (1995) have shown that if their intermediate value for the turbulent diffusion coefficient applies, the abundance of O 2 is reduced by an order of magnitude, while most other tracers are little affected. The chemical cycling and diffusion models have the additional advantages of producing a significantly enhanced abundance of atomic carbon along with depleting the gas-phase H 2 O, in agreement with a variety of observations including SWAS data given elsewhere in this issue. However, their ability to reproduce the entire suite of observed abundances remains to be determined.
